Purpose To evaluate the diagnostic accuracy of retinal nerve fibre layer thickness (RNFLT), ganglion cell complex (GCC), and optic disc measurements made with the RTVue-100 Fourier-domain optical coherence tomography (OCT) to detect glaucoma in a Caucasian referral population. Methods One randomly selected eye of 286 Caucasian patients (93 healthy, 36 ocular hypertensive, 46 preperimetric glaucoma, and 111 perimetric glaucoma eyes) was evaluated. Results Using the software-provided classification, for the total population sensitivity did not exceed 73.6% for the optic nerve head parameters, and 62.7% for the other parameters. Specificity was high (94.6-100%) for most RNFLT and GCC parameters, but low (72.0-76.3%) for the optic disc parameters. Positive predictive value varied between 98.1 and 100% for the main RNFLT parameters, 92.6 and 100% for the 16 RNFLT sectors, 92.4 and 99.0% for the GCC parameters, but did not exceed 86.3% for any of the optic disc parameters. Positive likelihood ratio (PLR) was higher than 10 for average, inferior and superior RNFLT (25.5 to infinite), 12 of the 16 RNFLT sectors (12.6 to infinite), and three of the four GCC parameters (40.0 to 48.6). No optic disc parameter had a PLR higher than 3.0. Conclusions RNFLT and GCC parameters of the RTVue-100 Fourier-domain OCT showed moderate sensitive but high specificity, positive predictive value and PLR for detection of glaucoma. The optic disc parameters had lower diagnostic accuracy than the RNFLT and GCC parameters.
Introduction
Compared with time-domain optical coherence tomography (OCT) with the third-generation Stratus OCT instrument (Carl Zeiss Meditec, Inc., Dublin, CA, USA) the recently developed Fourier-domain OCT technology provides several technical improvements that may increase its clinical usefulness for detection of glaucoma in clinical practice. [1] [2] [3] [4] [5] [6] In various studies, [7] [8] [9] [10] [11] [12] the sensitivity and specificity of the Stratus OCT in detecting early glaucoma has been found to be only moderate to high. OCT instruments employing the Fourier-domain technology have significantly higher resolution and scan speed, improved image segmentation and better measurement reproducibility compared with the timeFdomain OCT. [1] [2] [3] [4] [5] [6] Though the technology is new, information on the diagnostic accuracy of the different Fourier-domain OCT instruments to detect glaucoma of different severity, is increasing. 5, 6, [13] [14] [15] [16] [17] [18] [19] [20] [21] The RTVue-100 OCT (Optovue Inc., Fremont, CA, USA) is one of the new commercially available Fourier-domain OCT instruments. [1] [2] [3] [4] [17] [18] [19] [20] [21] Its axial resolution is approximately 5 mm and the scan speed is 26 000 A-scans per second. Thus the speed is 65 times higher than that of the Stratus OCT system, and the resolution is about twice as good as such time-domain OCT instruments. The RTVue optic nerve head map (ONH map) scan was developed for peripapillary retinal nerve fibre layer thickness (RNFLT) and two-dimension ONH measurements to detect glaucoma. As reduction of macular thickness, especially of the inner retinal layers, is an important OCT finding associated with glaucoma, 7 the ganglion cell complex (GCC) scan of the RTVue system, which comprises tissue layers (the retinal nerve fibre layer, the retinal ganglion cell layer and the inner-plexiform layer) that are directly influenced by glaucomatous ganglion cell loss, may also have clinical importance. The instrument's software contains a normative database sufficient for statistical comparison for the different RNFLT, ONH and GCC parameters. 22 In this study, we investigated the diagnostic accuracy of the different RNFLT, GCC and ONH parameters of the RTVue-100 Fourier-domain OCT using the softwareprovided classifications for detection of glaucoma on 286 patients referred to our glaucoma centre over a period of 11 months.
Materials and methods

Participants and patient groups
The authors certify that all applicable institutional and governmental regulations concerning the ethical use of human volunteers were followed during this research. The research protocol was approved by the Institutional Review Board for Human Research of Semmelweis University, Budapest. Informed consent was obtained from all participants before enrolment. For inclusion, all participants had to have, in the study eye, sufficient central vision for optimal fixation, image quality sufficient for optimal evaluation, no macular pathology except for a small number of hard drusen, on stereoscopic evaluation. Of the 316 referred patients 30 were excluded from the study because of severe degenerative fundus changes in high (414.0 dioptres) myopia (n ¼ 14), age-related macula degeneration, diabetic retinopathy and scar formation after vitreoretinal surgery (n ¼ 7), non-glaucomatous optic neuropathies (n ¼ 7) and cornea degeneration (n ¼ 2). One randomly selected eye of each of the remaining 286 Caucasian individuals referred for detection or exclusion of glaucoma in the Glaucoma Centre of Semmelweis University in Budapest, who all underwent RNFLT, GCC, and ONH measurements made with the RTVue-100 Fourier-domain OCT between 1 January and 30 November 2009, was enroled in the study. All patients underwent the same diagnostic protocol, which comprised a detailed slit-lamp evaluation, stereoscopic ONH photography and evaluation by a glaucoma specialist (GH), stereoscopic evaluation of the macula, repeated Octopus normal or dynamic G2 threshold visual field testing, and daytime intraocular pressure phasing made with Goldman applanation tonometry within 2 months from the RTVue-100 OCT imaging. The final clinical classification based on the results of these tests was made by the head of the glaucoma team (GH). The RTVue-100 OCT examinations were made by a trained PhD student (GA), and were not used for the clinical classification of the patients.
The patient population comprised of 93 healthy subjects with no ONH damage, reliable and reproducible normal visual field tests with normal mean defect (MD), that is, MD less than 2 dB, and intraocular pressure consistently below 21 mm Hg, based on daytime phasing (five measurements between 0745 and 1600 hours); 36 ocular hypertensive subjects with normal ONH, visual field with MD less than 2 dB and untreated intraocular pressure consistently above 21 mm Hg; 46 preperimetric glaucoma patients characterized with definite glaucomatous neuroretinal rim loss (diffuse or localised neuroretinal rim thinning) and reliable and reproducible normal visual field with MD less than 2 dB; and 111 perimetric glaucoma patients characterized with glaucomatous neuroretinal rim loss and reliable and reproducible visual field defect typical for glaucoma (inferior and/or superior paracentral or arcuate scotomas, nasal step, hemifield defect or generalised depression with MD higher than 2 dB). Severity of glaucomatous visual field damage was classified according to the modified Bascom Palmer staging system. 23 The demographics of the participants are shown in Table 1 .
Fourier domain OCT
OCT was performed through undilated pupil with the RTVue-100 Fourier-domain OCT instrument (Optovue Inc.) with software version 4.0. The working principle of the device has been described in detail elsewhere. [1] [2] [3] [4] In brief, the RTVue-OCT employs a near-infrared lightsource centred at 840 nm, with a 50 nm bandwidth. The normative database for diagnostic classification consists of 861 healthy eyes of mixed ethnicity subjects, with ages ranging between 19 and 82 years. 22 RNFLT values are found to correlate significantly with age of subject, ethnicity and with optic disc size, and adjustments for these effects (using multiple linear regression equations) are implemented in the software to improve classification results. For RNFLT, GCC and ONH measurements the standard glaucoma protocol was used. 2 This includes a 3D optic disc scan for the definition of the disc margin on the basis of the computer-assisted determination of retinal pigment epithelium endpoints, an ONH scan to measure the optic disc parameters and RNFLT within an area of diameter 4 mm, centred on the pre-defined disc, and the standard GCC scan. Each ONH scan consists of 12 radial lines and six concentric rings, which are used to create an RNFLT map. The measuring circle (920 points) is derived from this map after the sample circle is adjusted to be centred on the optic disc. (6) inferior GCC (thickness of all macular layers between the internal limiting membrane and the inner plexiform layer, in the area below the horizontal meridian); (7) average GCC; (8) GCC focal loss volume (FLV; the total sum of statistically significant GCC volume loss divided by the GCC map area, in percent); (9) cup area; (10) cup/disc area ratio; and (11) rim area. For these software calculated parameters an instrument provided classification is indicated in a colour coded manner: sectors with 'within normal limits' classification (ie sectors for which the probability of there being no glaucomatous damage X5%) are printed in green, sectors with 'borderline' classification (Po5 but X1%) in yellow and sectors with 'outside normal limits' classification (Po1%) in red. In the current investigation both the retinal pigment epithelium endpoints and the ONH contour line were determined by the same trained examiner (AG) 4. Image quality was carefully checked after each image acquisition, and all images of insufficient quality or with any artefact were rejected and reacquired. To be included in the analysis, images had to have a signal strength index 440.
Statistics
The SPSS 15.0 program package was used for statistical analysis (SPSS Inc., Chicago, IL, USA). ANOVA with the Tukey post hoc tests was used to compare age and the measured parameter values between the patient groups. Sensitivity, specificity, positive predictive value, negative predictive value, positive likelihood ratio (PLR) and negative likelihood ratio of the software provided classification results were determined. P-values of o0.05 were considered as statistically significant.
Results
The age of the perimetric glaucoma group was higher than that of the healthy participants and ocular Comparison of the different RNFLT, GCC and ONH values between the patient groups is shown in Table 2 . Superior RNFLT and RNFLT sector ST 1 were significantly thinner for the ocular hypertensive eyes than the healthy eyes. For the other group comparisons most RNFLT, GCC and ONH parameters differed significantly between the groups, showing decreasing RNFLT, GCC thickness and rim area values, and increasing cup area and cup/disc area ratio with increasing disease severity categories.
Diagnostic performance of the software provided classification is shown in Table 3 , for each disease category and parameter, respectively. When borderline and outside normal limits classifications were grouped together (both considered abnormal), specificity was high (94.6-100%) for most RNFLT and GCC parameters, and low (72.0-76.3%) for the ONH parameters, in all analyses. For all parameters, sensitivity did not exceed 27.8% when discrimination of ocular hypertensive and healthy eyes was investigated. Sensitivity for detection of preperimetric glaucoma varied between 73.9 and 76.1% for the ONH parameters, but only between 6.5% (RNFLT sector NL1 and superior GCC) and 37.0% (superior RNFLT and RNFLT sector ST2) for the other parameters. For detection of perimetric glaucoma, GCC FLV showed the best sensitivity (92.8%). Sensitivity of average RNFLT was 83.8%. When discrimination of all preperimetric and perimetric glaucoma eyes from healthy eyes was evaluated, sensitivity varied between 66.2 and 69.4% for average RNFLT and the RNFLT quadrants, 17.2 and 71.3% for the RNFLT sectors, 52.2 and 72.0% for the GCC parameters, and 82.2 and 84.1% for the ONH parameters.
Considering the whole population (Table 4) , the sensitivity values did not exceed 73.6% for the ONH parameters, and 62.7% for the other parameters. positive predictive value varied between 84.5 and 86.3% for the ONH parameters, and 92.4 and 100% for the RNFLT and GCC parameters. The highest negative predictive value value (56.8%) was found for the ONH parameters. PLR was higher than 10 for average, inferior and superior RNFLT (25.5 to infinite), 12 of the 16 RNFLT sectors (12.6 to infinite), and three of the four GCC parameters (40.0-48.6). No ONH parameter had a PLR higher than 3.0. The negative likelihood ratio values varied between 0.4 and 0.9. When borderline and within normal limits classifications were grouped together (all considered normal), specificity was similar to that in the other grouping, but sensitivity was considerably lower (detailed data are not shown).
Discussion
As detection of glaucomatous ONH damage is frequently suboptimal, 24 evaluation of the diagnostic accuracy of the different imaging devices is of clinical importance. In the current study, we investigated the diagnostic capabilities of the RTVue-100 Fourier-domain OCT instrument on 286 Caucasian patients referred for glaucoma diagnostics to our centre during 11 months. The RTVue-100 OCT is one of the recently developed Fourier-domain OCT systems that all have several technical advantages compared with the time-domain OCT technology. [1] [2] [3] [4] [5] [6] Information on the clinical benefits provided by those technical improvements for detection of glaucoma and glaucoma progression, however, is limited. In most diagnostic accuracy studies, a healthy normal group and an age-matched glaucoma group with pre-defined disease severity are compared. 6, 11, 14, 15, [17] [18] [19] [20] [21] In such investigations, for the best performing RNFLT and GCC parameters of the RTVue-100 OCT, the area under the receiver operating characteristic curve varied between 0.900 and 0.971. [17] [18] [19] [20] [21] Other authors using other Fourier-domain OCT systems reported on similar values. 6, 15 These results suggest that under pre-defined circumstances the diagnostic accuracy of Fourier-domain OCT technology is somewhat higher than that of time-domain OCT technology. 6, 11, 15, 20 Though using the above approach information on diagnostic capabilities of an instrument under pre-defined conditions can be specified, the clinical usefulness of the same instrument in unselected patient populations remains undetermined. In contrast, using data of all eyes successfully imaged during our nearly 1-year study period allowed us to evaluate diagnostic accuracy both for a general referral population and the different disease categories, separately. The significance of this approach is that disease severity may have an influence on the diagnostic capability of the Fourier-domain OCT instruments, 16 thus it needs to be considered in the evaluation. But for routine clinical purposes, diagnostic accuracy determined for the total referral patient population is the most useful information.
To evaluate the diagnostic capability of the instrument we used the software-provided classification, which is based on comparison between the measured values and the integrated normative database. As the RTVue-100 OCT has an age and disc size adjusted separate database for Caucasians, 22 which was used by us for our patients, the age-related RNFLT and GCC difference 25, 26 between our healthy control and ocular hypertensive subjects and the perimetric glaucoma patients was corrected for. We have previously shown that pupil dilation had no influence on the RNFLT and GCC measurements made Diagnostic accuracy of the RTVue-100 OCT in glaucoma A Garas et al
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Eye with the RTVue OCT. 2 Thus we did not dilate pupil for the measurements. This fits in with busy routine clinical practice, and increases the clinical applicability of the results.
As shown in Table 2 in the ocular hypertensive group, for most parameters the mean values suggested some damage, but the difference from the healthy group was significant only for two parameters. In contrast, for all other groups several parameters showed significant damage compared with the healthy eyes, and the measured values showed more damage for the more severe disease categories, respectively.
For the evaluation of the software provided classification, borderline and outside normal limits classifications were grouped together as abnormal results. Prevalence of glaucoma exceeded 50% in the study population (ie, the number of eyes with and without glaucoma was comparable), thus it was meaningful to calculate the predictive values in addition to sensitivity, specificity and PLR. Specificity was consistently high (94.6-100%); sensitivity was poor for detection of ocular hypertension and preperimetric glaucoma, and moderate to good (up to 92.8%) for detection of perimetric glaucoma. For our total Diagnostic accuracy of the RTVue-100 OCT in glaucoma A Garas et al Table 3 Sensitivity and specificity of the software provided classification for detection of the different disease categories, for each parameter, respectively. For the analysis borderline and outside normal limits classifications were grouped together as abnormal results Our results mean that in routine clinical practice a borderline or outside normal limits classification given for the main RNFLT parameters, RNFLT sectors (except for the temporal sectors) or GCC parameters by the instrument's software, strongly suggests that the eye has lost retinal nerve fibres and macular ganglion cells. In contrast, because of the relatively low sensitivity and weak negative likelihood ratio, a within normal limits classification cannot exclude glaucoma.
Normal vs OHT
Our study has limitations. As our patients were all Caucasians, our results cannot be applied to other ethnic groups, nor do our findings provide any information about the clinical value of the non-Caucasian normative database of the instrument.
In conclusion, in our Caucasian referral population comprising healthy, ocular hypertensive, preperimetric and perimetric glaucoma patients referred for detection or exclusion of glaucoma, the RTVue-100 Fourier-domain OCT and its Caucasian normative database were found Table 4 Sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), positive likelihood ratio (PLR) and negative likelihood ratio (NLR) of the software provided classification for detection of glaucoma in the total study population (n ¼ 286), for each parameter, respectively. For the analysis borderline and outside normal limits classifications were grouped together as abnormal results Eye to be highly specific to detect glaucoma. The sensitivity to detect preperimetric glaucoma, however, was moderate. The overall best-performing parameter was average RNFLT, but several other RNFLT and GCC parameters had similarly favourable diagnostic accuracy. Diagnostic performance for the different ONH parameters was not as high as that for the RNFLT and GCC parameters.
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Summary
What was known before K Fourier-domain optical coherence tomography is technically superior to time-domain optical coherence tomography. Diagnostic accuracy of time-domain optical coherence tomography to detect glaucoma is moderate.
What this study adds
K The RTVue Fourier-domain optical coherence tomograph had moderate sensitivity, but high specificity, positive predictive value and positive likelihood ratio for detection of glaucoma in a Caucasian referral population. The optic disc parameters had lower diagnostic accuracy than the retinal nerve fibre layer and ganglion cell complex parameters.
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